ABSTRACT An experiment was conducted to determine the effects of dietary adaptation period length (DAPL; 0, 24, and 48 h) and Ca feeding strategy (0.35% or 1.4:1 Ca:P ratio) on apparent phytate P (myo-inositol 1,2,3,4,5,6 hexakis dihydrogen phosphate; IP6) hydrolysis (AIP6H) and apparent digestibility (A IPD) of the sum of all inositol phosphate esters ( IP) of corn-titration diets at 3 locations (proventriculus/gizzard [Pro/Giz], jejunum, and distal ileum) in the gastrointestinal tract (GIT). Four hundred thirty-two Ross × Ross 708 male broilers were placed into 36 battery cages and fed a common starter diet until 18 d of age. Eight semipurified diets and a control diet for DAPL were fed from 19 to 21 d of age. Digesta were collected at each location from 4 birds per pen after each DAPL. Diets formulated with a 1.4:1 Ca:P ratio had higher (P < 0.001) AIP6H and A IPD when measured in the jejunum and ileum, but no differences were observed in the Pro/Giz. No interaction effects between DAPL and sampling location were observed for AIP6H and A IPD of the control diet. Conversely, interactive effects (P < 0.05) were measured for AIP6H and A IPD of the corn-titration diets. The highest values for both AIP6H (73.9%) and A IPD (80.7%) were measured in the Pro/Giz after 24 h. Phytate hydrolysis and A IPD were similar regardless of DAPL when sampled from the distal ileum. Concentrations of TiO 2 , IP6 and IP also varied (P < 0.05) in response to DAPL and sampling location. Variability was likely due to inconsistencies in the flow of inositol phosphate esters and TiO 2 through the GIT, specifically the Pro/Giz. Therefore, the use of TiO 2 as an inert marker may have limitations when determining the hydrolysis and digestibility of phytate esters.
INTRODUCTION
Formulation of broiler diets with true ileal P digestibility (TIPD) values may be a more advantageous method than formulating diets on a non-phytate P (NPP) basis because feedstuff TIPD better account for potential phytate P (myo-inositol 1,2,3,4,5,6 hexakis dihydrogen phosphate [IP6] ) hydrolysis when meeting broiler P requirements (Rodehutscord, 2009) . Studies have indicated that broilers have some capacity to hydrolyze IP6 into lower inositol phosphate (IP) esters (Leytem et al., 2008; Shastak et al., 2014; Zeller et al., 2015b) . However, hydrolysis of IP6 is likely dependent on several methodological factors (Angel et al., 2002) , which may have been a source of the variability reported C 2016 Poultry Science Association Inc. Received November 23, 2015. Accepted July 7, 2016. 1 Mention of trade names or commercial products in this publication is solely for the purpose of providing specific information and does not imply recommendation or endorsement by Auburn University. 2 Corresponding author: WAD0005@auburn.edu among TIPD estimates in the companion manuscript (Perryman et al., 2015) . Perryman et al. (2015) determined that corn TIPD varied (14.2 to 35.4%) when broilers were fed diets formulated with a fixed Ca:total P (tP) ratio and dietary adaptation period lengths (DAPL) of 0, 24, or 48 h. The proposed World's Poultry Science Association (WPSA) method for TIPD determination recommends the use of DAPL greater than 5 d and test diets formulated with a Ca:P ratio fixed at 1.4:1 (WPSA, 2013) . However, prolonged exposure to P-deficient diets may negatively affect P metabolism (Shastak et al., 2014) or possibly stimulate adaptive mechanisms resulting in increased hydrolysis and absorption of phosphate from IP6 in order to maintain P homeostasis (Yan et al., 2005) . The use of shorter DAPL (≤2 d) may limit these potential effects. However, the use of shorter DAPL when assessing phytate hydrolysis has yet to be evaluated.
In addition to the knowledge gaps regarding DAPL effects on phytate hydrolysis, formulating corn titration diets with a fixed Ca:tP ratio resulted in regression equations that predicted negative endogenous P losses (EPL) (Perryman et al., 2015 (Perryman et al., , 2016 . Consequences of negative EPL are possible underestimations of TIPD and true P retention values (Perryman et al., 2015 (Perryman et al., , 2016 . It is likely that differences in Ca feeding strategy affected titration diet apparent ileal P digestibility. However, the effect of different Ca feeding strategies on phytate hydrolysis of these diets has yet to be determined.
Considering that phytate P comprises over 70% of the tP in corn (Eeckhout and De Paepe, 1994) , assessing apparent IP6 hydrolysis (AIP6H) and apparent digestibility (A IPD) of the summation of all inositol phosphate esters ( IP) of corn-titration diets may be advantageous in further elucidating sources of variability when determining the TIPD of primary feedstuffs. Perryman et al. (2015b) measured wide variations in AIP6H (-10.5 to 51.9%) at the terminal ileum when determining TIPD. Moreover, AIP6H have been reported to be variable when measured at different locations in the gastrointestinal tract (GIT) (Sooncharernying and Edwards, Jr., 1993; Truong et al., 2014; Walk et al., 2014) . These inconsistencies may be related to differences in experimental methodologies among studies.
Therefore, an experiment was conducted to determine the effects of 3 DAPL (0, 24, and 48 h) and 2 Ca feeding strategies (0.35% Ca or fixed Ca:tP ratio) on AIP6H and A IPD of corn-titration diets when sampled from 3 locations (proventriculus/gizzard [Pro/Giz], jejunum, and terminal ileum) in the GIT of growing broilers. It was hypothesized that Ca feeding strategy and DAPL may interact to affect AIP6H and A IPD differently when measured from different segments of the GIT. These results may lead to the adoption of improved methodologies aimed at reducing the variation currently associated with the determination of TIPD.
MATERIALS AND METHODS
The experimental protocol involving live birds (PRN 2013 (PRN -2342 was approved by the Institutional Animal Care and Use Committee at Auburn University.
Bird Husbandry, Dietary Treatments, and Digesta Collection
Samples analyzed in the current experiment were collected from the same set of broilers utilized in the companion manuscript (36 of the 80 pens; 432 Ross × Ross 708 male broilers). Chemical analysis of the pooled digesta from 36 pens represented 4 replicate pens from 9 of the 10 dietary treatments (diet 5 with 75% corn was excluded). Replicate pens were reduced due to logistical constraints. Therefore, bird husbandry and dietary treatments (Table 2) were the same as in the companion manuscript. The digesta from the Pro/Giz and jejunum were collected at the same time as the ileal digesta in the companion manuscript. From each bird, the Pro/Giz, a segment representing the middle third of the jejunum, and the terminal ileum were excised for sampling. The entire jejunum (distal end of duodenal loop to the Meckel's diverticulum) was removed and folded into thirds with digesta being flushed from the middle third.
Chemical Analyses
Ten subsamples of the experimental corn source were collected and pooled. An aliquot was collected from the larger sample representing the 10 subsamples and was lyophilized (Virtis Genesis Pilot Lyophilizer, SP Industries, Warminster, PA) and ground through a cyclone mill (Cyclotec model number 1093, Foss North America, Inc., Eden Prairie, MN) equipped with a 1-mm screen to ensure a homogeneous mixture. This sample was then subjected to duplicate analyses for CP, tP, Ca, and IP concentrations. Corn CP concentrations were determined via the Dumas method (method 990.03; AOAC International, 2006) using a N analyzer (Rapid N Cube, Elementar Analysensysteme GmbH, Hanau, Germany) with CP calculated as N × 6.25. Phosphorus and Ca concentrations of the corn sample were determined by a commercial laboratory (University of Arkansas Central Analytical Laboratory, Fayetteville, AR) via inductively coupled plasma optical emission spectroscopy (method 990.08; AOAC International, 2006) .
Concentrations of IP including IP6, inositol pentaphosphate (IP5), inositol tetra-phosphate (IP4), inositol tri-phosphate (IP3), inositol di-phosphate (IP2), and myo-inositol were determined using highperformance ion chromatography using the methods of Blaabjerg et al. (2010) . Phytate P content was calculated based on IP6 having 28.2% P. Analyzed NPP content of the corn was calculated as the difference between analyzed tP and phytate P concentrations. All mineral assays were performed in quadruplicate for diet samples or in duplicate for excreta or digesta samples. Phosphorus and Ca concentrations in the diets and digesta P contents were analyzed using the same laboratory and methodology as previously described for the test corn sample.
Titanium dioxide concentrations were determined by a method based on that of Leone (1973) . Briefly, 0.25 g of digesta or feed were added to threaded glass test tubes and ashed at 580
• C for 10 h; 0.8 g of NaSO 4 was added to the ashed samples, which were digested in 5 mL of H 2 SO 4 and then heated at 130
• C for 72 h; tube contents were diluted to 50 mL with distilled deionized water and held for 12 h at 25
• C; 3 mL of feed samples or 1 mL of digesta samples plus 2 mL of 1.8 M H 2 SO 4 were added to glass test tubes with 150 μL of H 2 O 2 ; and after allowing 30 min for color development, absorbance was measured on a spectrophotometer (DU 730, Beckman Coulter, Brea, CA) at 410 nm. Accuracy of this method was verified by assaying the TiO 2 of the diets (formulated with 0.50%), which resulted in values between 0.48 and 0.51%.
Calculations
Data generated from chemical analysis of the digesta at each location, on a DM basis, were used for the calculation of AIP6H, A IPD, and IP6 and IP output on a DM intake (DMI) basis using the same equations as presented in the companion manuscript.
Statistical Analyses
The experiment was arranged as a randomized complete block design. Cage location was the blocking factor and individual cages were the experimental unit. All measurements were represented by 4 replicate cages per treatment. Corn-titration data were analyzed as a 3 × 3 × 2 factorial with 3 DAPL analyzed as repeated measures, 3 sampling locations, and 2 dietary Ca feeding strategies. Analysis of variance was performed as using PROC MIXED (SAS Institute, 2004) by the following mixed-effects model:
where μ. . . is the overall mean; the ρ i are identically and independently normally distributed random block effects with mean 0 and variance σ 2 ρ ; the α j are fixed factor effects corresponding to the j th DAPL (0, 24, or 48 h) such that Σα j = 0; the β k are fixed factor effects corresponding to the k th sampling location (Pro/Giz, jejunum, or ileum) such that Σβ k = 0; and the τ l are fixed factor effects corresponding to the l th dietary Ca feeding strategy (fixed at 0.35% or variable Ca concentrations to maintain a 1.4:1 Ca:tP ratio) such that Στ l = 0; (αβ) jk , (ατ ) jl , (βτ ) kl , and (αβτ ) jkl are interaction effects corresponding to all possible permutations of the j th DAPL, k th sampling location, and l th dietary Ca feeding strategy such that Σ(α|β|τ ) jkl = 0; and the random error ε ijkl is identically and independently normally distributed with mean 0 and variance σ 2 . The control diet was fed to determine the effects of DAPL on AIP6H and A IPD when broilers were fed the same diet as the common starter diet. Therefore, data obtained from broilers fed the control diet were analyzed separately as there was no Ca feeding strategy effect. These data were analyzed as a 3 × 3 factorial with 3 DAPL analyzed as repeated measures and 3 sampling locations. Analysis of variance was performed as using PROC MIXED (SAS Institute, 2004) by the following mixed-effects model:
where μ. . . is the overall mean; the ρ i are identically and independently normally distributed random block 3 Phytate P content was calculated based on IP6 having 28.2% P 4 Calculated as the difference between total P and phytate P. 5 Inositol phosphate esters include: inositol hexa-phosphate (IP6), inositol penta-phosphate (IP5), inositol tetra-phosphate (IP4), inositol triphosphate (IP3), and inositol di-phosphate (IP2).
6 Determined using high-performance ion chromatography using the methods of Blaabjerg et al. (2010) effects with mean 0 and variance σ 2 ρ ; the α j are fixed factor effects corresponding to the j th DAPL (0, 24, or 48 h) such that Σα j = 0; β k are fixed factor effects corresponding to the k th sampling location (Pro/Giz, jejunum, or ileum) such that Σβ k = 0; (αβ) jk , are interaction effects corresponding to all possible permutations of the j th DAPL and k th sampling location such that Σ(α|β) jk = 0; and the random error ε ijk is identically and independently normally distributed with mean 0 and variance σ 2 . Statistical significance was considered at P ≤ 0.05, and significantly different treatment means established by a significant F-test were further separated using Tukey's Honestly Significant Difference test (Tukey, 1953) .
RESULTS AND DISCUSSION

Nutrient Analysis and Growth Performance
Analyzed nutrient concentrations of the test corn source are presented in Table 1 . Concentrations of CP (7.87%), tP (0.27%), phytate P (0.23%), NPP (0.04%), and Ca (0.02%) were similar to values reported for corn grain by the National Research Council (NRC, 2010). Phytate P comprised 85% of the tP content in the test corn source, which exceeded previously reported data (68%) from Eeckhout and de Paepe (1994) . Concentrations of IP6 were highest (7,483 nmol/g), followed by myo-inositol (704 nmol/g), IP2 (665 nmol/g), IP5 (383 nmol/g), and IP3 (84 nmol/g). Measurable amounts of IP4 were not detected in this corn sample. Although data are limited, similar corn IP concentrations have been reported with IP6 comprising the majority of IP and minimal concentrations of IP3 and IP4 (Mendoza et al., 1998) . Diet formulations and 6 Biotin blend was composed of 13.5 g of biotin pre-mixed with 2 kg of Solka-floc. 7 Inositol phosphate esters included: inositol hexa-phosphate (IP6), inositol penta-phosphate (IP5), inositol tetra-phosphate (IP4), inositol tri-phosphate (IP3), and inositol di-phosphate (IP2) and were determined using high-performance ion chromatography using the methods of Blaabjerg et al. (2010). analyzed nutrient concentrations are presented in Table 2 . The corn-soybean meal (SBM) control diet had higher concentrations of IP6 (8,399 nmol/g) and IP (11, 197 nmol/g ) than the average concentrations for the 8 corn-titration diets (2,721 and 5,469 nmol/g, respectively, for IP6 and IP).
Growth performance and feed intake (FI) data for the current research have been previously reported in the companion paper and will not be presented herein (Perryman et al., 2015) . No 3-way interactions among DAPL, sampling location, and Ca feeding strategy occurred for broilers fed the corn-titration diets. Furthermore, no interactive effects were measured between Ca feeding strategy and DAPL. Thus, the following discussion is focused on the interactive effects between Ca feeding strategy and sampling location as well as DAPL and sampling location for broilers fed the corn-titration diets. Additionally, main effects are presented for DAPL and sampling location for broilers fed the control diet. However, DAPL and sampling location effects for the control diet were not compared directly with results from feeding the corn-titration diets because Ca feed-(A) (B) Figure 1 . Interaction effects of 3 sampling locations (proventriculus/gizzard [Pro/Giz], jejunum, and ileum) and 2 Ca feeding strategies (Fixed at 0.35% or variable Ca concentration to maintain a 1.4:1 Ca:P ratio) for Ross × Ross 708 male broilers fed the corn-titration diets on A) apparent myo-inositol 1,2,3,4,5,6 hexakis dihydrogen phosphate (IP6) hydrolysis (AIP6H) or B) apparent digestibility of the summation of measured myo-inositol phosphate esters (A IPD). Measured myo-inositol phosphate esters included IP6, inositol penta-phosphate (IP5), inositol tetra-phosphate (IP4), inositol tri-phosphate (IP3), and inositol di-phosphate (IP2). Least square means represent 48 replicate cages and means not sharing a common superscript differed as compared using Tukey's Honestly Significant Difference test (Tukey, 1953) .
ing strategy effects were not assessed for broilers fed the control diet.
Phytate Hydrolysis and Total Inositol Phosphate Digestibility
Sampling Location and Ca Feeding Strategy. Interactive effects (P < 0.001) were observed between sampling location and Ca feeding strategy for AIP6H and A IPD of the corn-titration diets (Figure 1) . Moreover, sampling location and Ca feeding strategy interacted to affect (P < 0.001) IP6 and IP concentrations (Table 3 ). The highest AIP6H and A IPD and lowest concentrations of IP6 and IP were observed in the Pro/Giz, and Ca feeding strategy did not affect these response criteria at this location. Conversely, different Ca feeding strategies did affect AIP6H and A IPD as well as concentrations of IP6 and IP when sampling occurred in the jejunum and terminal ileum. In the jejunum and ileum, diets formulated with a fixed Ca:tP ratio of 1.4:1 had higher AIP6H and A IPD compared with diets formulated with 0.35% Ca. Higher AIP6H and A IPD values corresponded with lower concentrations of IP6 and IP. Additionally, AIP6H decreased while A IPD increased for diets formulated with the same Ca feeding strategy between the jejunum and ileum.
The observed higher concentrations of IP, and concomitantly lower values for A IPD, between the jejunum and ileum for diets formulated with the same Ca feeding strategy were due to increased concentrations of lower IP esters in the jejunum. Increased concentrations of lower IP esters in the jejunum vs. the ileum were due to greater AIP6H in the jejunum when compared with AIP6H measured in the ileal digesta. Phytate hydrolysis in the anterior small intestine was likely a result of endogenous phytase enzymes in duodenum (Maenz and 2 Inositol phosphate esters were determined using high-performance ion chromatography using the methods of Blaabjerg et al. (2010) and include: inositol hexa-phosphate (IP6) and the summation of all measured inositol phosphate esters ( IP).
3 Concentrations are on a DM intake basis. a-d Least square means not sharing a common superscript differed as compared using Tukey's Honestly Significant Difference test (Tukey, 1953) . Classen, 1998) . It is probable that Ca feeding strategy also influenced endogenous phytase activity because increased AIP6H were observed for diets formulated with a 1.4:1 Ca:tP ratio (0.24% Ca), which had lower Ca than diets formulated with 0.35% Ca. However, a corresponding increase in IP concentrations as a result of increased AIP6H was not observed in broilers fed diets with the fixed Ca:tP ratio, which was in contrast with broilers fed diets formulated to contain 0.35% Ca. This finding indicated that a portion of the lower IP esters responsible for higher concentrations of IP measured for diets formulated with 0.35% in the jejunum may originate from another source besides those formed from the hydrolysis of orthophosphate from IP6. It is possible that the lower IP esters measured in the small intestine may be of endogenous origin because myoinositol and lower IP esters are ubiquitous in eukaryotic cells (Eagle et al., 1957) .
Hydrolysis of IP6 and A IPD in the jejunum and ileum were affected by differences in dietary Ca feeding strategy. Overall, AIP6H and A IPD were lower and concentrations of IP6 and IP were higher in diets formulated with 0.35% Ca. The 4 titration diets formulated with a fixed Ca:tP ratio had an average analyzed Ca concentration of 0.25%, which was less than diets formulated with 0.35% Ca. Increasing the Ca concentration of the diet has been reported to limit AIP6H (Tamim and Angel, 2003; Tamim et al., 2004; Selle et al., 2009 ). Higher dietary Ca concentrations increase the pH of the digesta (Shafey et al., 1991; Angel et al., 2002) , which creates a more favorable luminal environment for the formation of insoluble Ca-phytate chelates (Grynspan and Cheryan, 1983; Selle et al., 2009 ). Dietary Ca has also been shown to reduce the efficacy of mucosal phytase (McCuaig et al., 1972; Applegate et al., 2003) .
Additionally, negative values for both AIP6H and A IPD (-9.3 and -5.9%, respectively) measured from the distal ileum of broilers fed the control diet (Figure 2 ) provide further evidence that Ca concentration exerts a strong influence on the dynamics of phytate hydrolysis. The analyzed Ca concentration was 1.38% for the control diet with excess Ca likely originating from SBM (Edwards, 1993) . Furthermore, the concentration of NPP (0.50%) contributed by dicalcium phosphate in the control diet was 10 times higher than any of the corn-titration diets. Non-phytate P has been previously reported to reduce AIP6H in broilers (Abudabos, 2012; Shastak et al., 2014) . Therefore, the high concentration of Ca and NPP in the control diet likely resulted in the observed negative data.
These findings demonstrated that differences in dietary Ca concentrations exert a significant influence on AIP6H and A IPD. Moreover, these data are consistent with similar effects of Ca feeding strategy on apparent ileal P digestibilities of titration diets measured when estimating corn TIPD in the companion manuscript (Perryman et al., 2015) . Therefore, it can be concluded that a lower dietary Ca concentration may result in overestimations of titration diet P availability due to increased AIP6H and A IPD when measured from the terminal ileum. This is especially critical when titration diets used to estimate TIPD are typically formulated with less than 0.60% Ca (Dilger and Adeola, 2006; Iyayi et al., 2013; Mutucumarana et al., 2014a Mutucumarana et al., ,b, 2015 while diets commonly fed in commercial broiler production are formulated with more than 0.70% Ca (Ross 708 Broiler Nutrition Specification, 2014) .
Sampling Location and Dietary Adaptation Period Length. Interaction effects between sampling location and DAPL for AIP6H and A IPD were observed (P < 0.001) in broilers fed the corn-titration diets (Figure 3) . Measurements of diet AIP6H (73.9%) and A IPD (80.7%) were highest in the Pro/Giz of broilers after a DAPL of 24 h. Values of AIP6H were intermediate in the jejunum (43.2 to 50.3%) and lowest in the ileum (15.3 to 26.0%) and were not affected by DAPL. The highest AIP6H and A IPD corresponded to the lowest concentrations of IP6 and IP in the Pro/Giz. Additionally, A IPD varied depending on DAPL in the jejunum and were lowest after a DAPL of 48 h (33.2, 38.4, and 22.5% for 0, 24, and 48 h, respectively). However, IP concentrations in the jejunum (3,630; 3,434; and 4,304 nmol/g) after DAPL of 0, 24, and 48 h were not significantly different. At the present (A) (B) Figure 2 . Main effects of 3 sampling locations (proventriculus/gizzard [Pro/Giz], jejunum, and ileum) and 3 dietary adaptation period lengths (DAPL; 0, 24, 48 h) for Ross × Ross 708 male broilers fed a corn-SBM control diet on A) apparent myo-inositol 1,2,3,4,5,6 hexakis dihydrogen phosphate (IP6) hydrolysis (AIP6H) or B) apparent digestibility of the summation of measured myo-inositol phosphate esters (A IPD). Measured myo-inositol phosphate esters included IP6, inositol penta-phosphate (IP5), inositol tetra-phosphate (IP4), inositol triphosphate (IP3), and inositol di-phosphate (IP2). Least square means represent 12 replicate cages and means not sharing a common superscript differed as compared using Tukey's Honestly Significant Difference test (Tukey, 1953). time, limited data exist on the concentrations of IP6, IP, and the resulting AIP6H and A IPD in broilers fed the corn-titration diets for the determination of TIPD.
No significant interaction effects between DAPL and sampling location were observed for AIP6H and A IPD of the control diet. However, main effects (P < 0.05) of DAPL were observed for AIP6H and A IPD (Figure 2 ). Apparent IP6 hydrolyses were similar among broilers after 0 or 24 h (34.8 or 32.2%) but lower (19.2%) after a DAPL of 48 h. Results for A IPD were similar to AIP6H and were highest after 24 h (30.2%), intermediate after 0 h (26.6%), and lowest after 48 h (16.5%).
Concentrations of IP6 were highest in the digesta (P < 0.05) after 48 h (6,783 nmol/g) compared with DAPL of 0 and 24 h (5,476 and 5,698 nmol/g, respectively) while IP concentrations were highest at 48 h (9,346 nmol/g), intermediate at 0 h (8,216 nmol/g), and lowest at 24 h (7,818 nmol/g) ( Table 4) . Although broilers have demonstrated an ability to adapt to P deficient diets (Yan et al., 2005) , adequate dietary P and Ca concentrations of the control diet may have resulted in the down-regulation of mechanisms critical to the digestion and absorption of phytate P.
When the control diet was fed to broilers, both AIP6H (P < 0.001) and A IPD (P < 0.001) varied depending on sampling location (Figure 2 ). Apparent hydrolysis of IP6 decreased (P < 0.001) as measured from more distal locations of the GIT (69.9, 25.6, and −9.3% for the Pro/Giz, jejunum, and terminal ileum, respectively). Similar effects (P < 0.001) were observed for A IPD, which were highest in the Pro/Giz (65.4%) and subsequently decreased when measured in the jejunum (13.8%) and ileum (−5.9%). Conversely, Zeller et al. (2015a) measured increases in AIP6H as digesta (A) (B) Figure 3 . Interaction effects of 3 sampling locations (proventriculus/gizzard [Pro/Giz], jejunum, and ileum) and 3 dietary adaptation period lengths (DAPL; 0, 24, 48 h) for Ross × Ross 708 male broilers fed the corn-titration diets on A) apparent myo-inositol 1,2,3,4,5,6 hexakis dihydrogen phosphate (IP6) hydrolysis (AIP6H) or B) apparent digestibility of the summation of measured myo-inositol phosphate esters (A IPD). Measured myo-inositol phosphate esters included IP6, inositol penta-phosphate (IP5), inositol tetra-phosphate (IP4), inositol triphosphate (IP3), and inositol di-phosphate (IP2). Least square means represent 32 replicate cages and means not sharing a common superscript differed as compared using Tukey's Honestly Significant Difference test (Tukey, 1953). transited from the crop to the distal ileum when feeding broilers a corn-SBM diet. Inconsistencies in AIP6H between studies may have been related to methodological differences. Broilers in the current study were allowed feed for 3 h prior to the collections, whereas Zeller et al. (2015a) exposed broilers to feed for only 1 h prior to digesta collections. This period of time may have been an insufficient duration for feed to pass into the distal parts of the small intestine (Dänicke et al., 1999) . Additional data are required to elucidate why AIP6H varied between studies when measured in the same GIT segment of broilers fed similar corn-SBM diets.
Concentrations of IP6 (2,526; 6,251; and 9,180 nmol/g) and IP (3,873; 9,654; and 11,853 nmol/g) increased in digesta sampled from the Pro/Giz, jejunum, and ileum, respectively (Table 4) . Walk et al. (2014) measured similar IP6 concentrations (2,850 nmol/g on a DM basis) in the gizzard. As with broilers fed the corn-titration diets, high AIP6H (69.9%) and A IPD (65.4%) corresponded with the lowest concentrations of IP6 and IP in the Pro/Giz. Conversely, concentrations of IP6 and IP were highest in the ileal digesta and corresponded with negative values for AIP6H and A IPD. Negative coefficients for IP6 retention have been previously reported in the small intestine for birds fed corn-SBM diets (Elliot and Edwards, 1991a,b; Sooncharernying and Edwards, Jr., 1993) . Truong et al. (2014) also reported lower AIP6H for digesta sampled at the terminal ileum compared with digesta sampled from the proximal jejunum when feeding corn-SBM diets not supplemented with an exogenous phytase source. These authors attributed the low AIP6H in the ileum to the increased relative concentrations of IP6 resulting from the absorption of other nutrients (Sooncharernying and Edwards, Jr., 1993; Truong et al., 2014) . However, in the current research, IP6 and IP concentrations were corrected using TiO 2 and reported on a DMI basis. This may indicate that IP6 accumulates more rapidly in the distal GIT relative to the marker due to different Table 4 . Digesta concentrations of inositol phosphate esters on a dry matter intake basis at 3 locations [proventriculus/gizzard (Pro/Giz), jejunum, ileum] after dietary adaptation period lengths (DAPL) of 0, 24, and 48 h when feeding either corn-titration diets or a corn-soybean meal control diet to Ross × Ross 708 male broilers (19 to 21 d of age). 1, 2, 3 Corn-Titration Diets Control Diet 2 Inositol phosphate esters were determined using high-performance ion chromatography using the methods of Blaabjerg et al. (2010) and include: inositol hexa-phosphate (IP6) and the summation of all measured inositol phosphate esters ( IP).
3 Concentrations are on a DM intake basis. a-d Least square means not sharing a common superscript differed as compared using Tukey's Honestly Significant Difference test (Tukey, 1953). transit times between IP6 and the inert marker in the proximal GIT (Zeller, 2015a) .
Titanium Dioxide Concentrations
For broilers fed the control or corn-titration diets, TiO 2 concentrations increased as nutrients were absorbed with the progression of digesta distally through the GIT (Figure 4) . Moreover, TiO 2 concentrations varied (P < 0.001) depending on DAPL when sampled from the Pro/Giz of broilers fed the control diet. Concentrations of TiO 2 were highest after 24 h (0.77%), intermediate at 0 h (0.45%), and lowest at 48 h (0.26%). For broilers fed the corn-titration diets, digesta TiO 2 concentrations varied (P < 0.001) depending on DAPL when sampled from the Pro/Giz and ileum. Concentrations of TiO 2 were highest (1.02%) after a DAPL of 24 h, but were not different after 0 or 48 h when measured from the Pro/Giz. Additionally, DAPL affected TiO 2 concentrations in the ileum with a lower value observed at 0 h (1.78%) compared with 24 h (2.08%) or 48 h (2.18%).
These effects of DAPL on TiO 2 concentrations at specifically sampled locations may partially explain the differences observed for AIP6H and A IPD because high concentrations of TiO 2 corresponded with high AIP6H and A IPD. While putatively inert (Sales and Janssens, 2003) , the addition of TiO 2 to the diet may have affected the measure of AIP6H and A IPD. Evidence obtained by Wilson et al. (2015) indicated that TiO 2 may be able to bind IP in highly acidic conditions (pH < 1). However, it is currently unknown whether this is possible as these conditions are not probable in broilers because TiO 2 is not soluble in hydrochloric acid (Sales and Janssens, 2003) and the pH of the Pro/Giz has been reported to range from 3 to 4 (Svihus, 2011) .
Dietary Adaptation Period Length
Dietary adaptation periods longer than 5 d were recommended for the determination of TIPD (WPSA, 2013) . However, low FI and broiler growth have been observed when feeding P and Ca semipurified diets for 8 d, which may affect P metabolism (Shastak et al., 2014) . Broilers also have been reported to adapt to nutrient deficient diets to maintain P homeostasis (Yan et al., 2005) . Therefore, shorter DAPL (<2 d) were evaluated in the current research to determine if adaptation effects related to feeding P and Ca deficient diets could be minimized. However, interactions were (A) (B) Figure 4 . Interaction effects of 3 sampling locations (proventriculus/gizzard [Pro/Giz], jejunum, and ileum) and 3 dietary adaptation period lengths (DAPL; 0, 24, 48 h) on titanium dioxide (TiO 2 ) concentrations for Ross × Ross 708 male broilers fed either A) corn-soybean meal control diet or B) corn-titration diets. Least square means represent 32 replicate cages and means not sharing a common superscript differed as compared using Tukey's Honestly Significantly Different test (Tukey, 1953). still observed between DAPL and sampling location for AIP6H, A IPD, and IP6, IP, and TiO 2 concentrations when broilers were fed the corn-titration diets. The reasons for these effects are not readily discernable as significant differences in AIP6H, A IPD, and IP6, IP, and TiO 2 concentrations due to changes in DAPL were also observed for broilers fed the diet serving as a control for DAPL.
The manipulation of the photoperiod to ensure adequate FI prior to sample collections may have contributed to the DAPL effects on AIP6H and A IPD for broilers fed the control diet and corn-titration diets. Although data are limited, changes in lighting schedules have been demonstrated to influence phytate digestibility in broilers (Leslie, 2006) . Changes in photoperiod likely resulted in changes in FI and could have influenced feed retention in the crop (Savory, 1985; Svihus, 2014) . Differing feed retention time in the crop may have affected AIP6H and A IPD, but the effects of transitioning broilers between lighting programs on nutrient digestibility have yet to be fully established. However, when using a similar lighting and collection schedule, variable apparent ileal P digestibilities for corntitration diets and a control diet were observed as a result of different DAPL (Perryman et al., 2013 (Perryman et al., , 2015 .
Phytate Hydrolysis in the Proventriculus and Gizzard
High coefficients of AIP6H in the Pro/Giz were unexpected for both diet types because an exogenous phytase was not supplemented to these diets. Therefore, endogenous phytase activity proximal to or within the Pro/Giz may have been responsible for any hydrolysis of IP6. Although phytase activity from microbial or endogenous sources has previously been measured in the crop (Denbow, 2000; Kerr et al., 2000) and the Pro/Giz (Józefiak et al., 2006; Rehman et al., 2007) , the rapid transit of feed through the anterior GIT in broilers likely limits the action of such phytases (Svihus, 2014) . In agreement, Zeller et al. (2016) reported negative AIP6H in the crop of broilers fed a corn-SBM diet. Therefore, it is unlikely that endogenous phytase activity alone could result in the substantial AIP6H (>50%) observed in the Pro/Giz in the current experiment.
Additionally, total concentrations of IP were lowest in the Pro/Giz, which generated the highest measurements of A IPD. For the digestibility of IP esters to occur, IP6 must first be dephosphorylated to a lower IP or myo-inositol and then subsequently absorbed. While this mechanism has been suggested in rats (Sakamoto et al., 1993) , evidence for the digestion and absorption of IP6 in the anterior GIT has yet to be demonstrated in broilers. Furthermore, the primary location for phytate hydrolysis (Maenz and Classen, 1998) and myo-inositol absorption is in the small intestine via Na-dependent glucose transporters (Weigensberg et al., 1990) . Based on these findings, dephosphorylation of IP6 and absorption of lower IP or myo-inositol in the Pro/Giz can be rejected as a plausible explanation for the disappearance of IP.
Inositol Phosphate and Marker Flows
Unexpectedly high AIP6H in the Pro/Giz may have occurred because of differences in IP and TiO 2 transit rates through the GIT. It is possible that IP6 and lower IP were either retained in the crop or transited the Pro/Giz faster than the TiO 2 . When feeding corn-SBM diets without supplemental phytase, Zeller and colleagues (Zeller 2015; Zeller et al., 2016) reported negative AIP6H in the crop indicating possible retention of IP6 in the crop as TiO 2 flowed into the Pro/Giz. This could potentially explain the high AIP6H measured in the Pro/Giz. The highest concentration of TiO 2 in the Pro/Giz was measured after a 24 h DAPL. Additionally, the lowest concentration of IP6 was observed after the 24 h DAPL, which corresponded with the highest measurement of AIP6H. Retention time in the gizzard can vary depending on particle size and density (Svihus et al., 2002) as well as nutrient solubility (Vergara et al., 1989) . Phytate is highly soluble in the low pH environment of the Pro/Giz (Grynspan and Cheryan, 1983) while TiO 2 is not (Sales and Janssens, 2003) , so muscular action of the gizzard likely affected the motility of TiO 2 and IP differently. Moreover, decreasing AIP6H and increasing concentrations of IP6 measured in the posterior sections of the GIT also support the possibility that soluble IP6 transited the Pro/Giz ahead of the insoluble TiO 2 .
In conclusion, a 1.4:1 fixed Ca:tP feeding strategy resulted in higher AIP6H and A IPD in the jejunum and ileum compared with broilers fed corn-titration diets formulated with 0.35% Ca. Changes in DAPL also affected AIP6H and A IPD regardless of whether broilers were fed the corn-titration diets or control diet. Values of AIP6H and A IPD were higher in the Pro/Giz than when measured from distal sections of the GIT of broilers independent of diet type. This is most likely due to the inconsistent flow of TiO 2 and IP into or out of the Pro/Giz. Therefore, additional research aimed at better understanding factors affecting the flow of IP and TiO 2 through the broiler GIT is warranted.
